Abstract
INTRODUCTION
Integrated electro-optic (EO) modulators perform key applications in telecom and data communications [1] , future on-chip and inter-chip photonic interconnects for multicore microprocessors and memory systems [2, 3] , RF and analog signal processing such as photonic A/D conversion [4] and in sensors [5] . Monolithic integration, mainly in silicon photonics, enabled i) densifying photonic networks compared to discreetly-packaged components, ii) reduced device power-consumption [6] , and iii) enabled a platform approach for cost-and density-scaling due to synergies arising largely processing Silicon-based components.
The weak EO properties of silicon [7] [8] [9] , however, result in order of millimeter-to-centimeter large footprints, and thus further density scaling, which was a major driver for the chip industry for decades [10] . The performance metrics for modulators [11] [12] [13] are high speed [5, 14, 15] , high sensitivity/energy efficiency [6, 12, 13, [17] [18] [19] , high extinction and compact footprint [15] [16] [17] [18] [19] .
Higher modulator performance can be achieved by increasing the light-matter-interaction [11] [12] [13] ; this can for instance be achieved by resonances (microcavity, microring) allowing for increased sensitivity (energy efficiency) due to multiple round trips of light the cavity on resonance, and have demonstrated Gbps rates [20, 21] . Alternatively the higher group indices could be used such as in plasmonics [15, 16] . Another strategy is to rely on strongly indexchanging materials beyond silicon such as graphene [11, 14, 18, 22] or transparent conductive oxides [16, 19, 23] , or combinations of resonant effects with emerging materials [11, 24] .
Heterogeneous integration [7] [8] [9] has been introduced as a possible route to continue device scaling [25] without loosing modulator signaling performance; here the idea is to utilize the foundry established silicon (or III-V) platforms for passive waveguide parts, but to not use the same material for active light-manipulation. In this regard, plasmonics (and photonic-plasmon hybrids) can provide ultimate scaling, but the tradeoff is loss; that is, even the light-matterenhanced optical mode and higher group index in plasmonics that remarkably enables functional submicron-small devices comes at a cost of (usually) about -5 dB insertion loss. Here we argue, that such loss is not acceptable with scale-up circuit where component cascadability is key, thus plasmonics is ruled out. In contrast, we follow an approach targeting a design-regime that lies between photonics (low loss & low ER) and plasmonics (high ER, high loss), namely heterogenerous integration offering a sweet spot of a) decent signal quality < -10 dB and b) low insertion loss ~ -1dB. Here we select Indium-tin-oxide (ITO) as the EO material and integrate an ITO-oxide-ITO capacitive gate-stack atop a silicon photonic waveguide to form an allphotonic optical mode. The choice for ITO was threefold; i) ITO belongs to the class of transparent conductive oxides (TCO) and is currently used massively by both the high tech and solar-cell industry for resistive touch screens such as in smart phones, and transparent lowresistive front-end contact in photovoltaics, respectively [26] [27] [28] . Hence it might enter foundry processes sooner (especially in lower TLR foundry's such as AIM photonics) than other exotic materials such as 2-dimentional materials. ii) While process control of ITO has been challenging due to intrinsic material complexities, we have yet recently demonstrated a holistic (electronic and optical) approach to both precisely and repeatedly control ITO's parameters [29] . iii) the carrier concentration modulation can be in the order of ~10 20 cm -3 , which is about 100x enhanced compared to silicon [14, 19] .
However, there is a well-known tradeoff in sensitivity vs. modulation bandwidth in resonant modulators [30, 31] ; a higher quality (Q)-factor resonator enables a lower modulation energy due to a narrow spectral linewidth, but the corresponding longer cavity lifetime limits modulation response to low frequencies. This is a fundamental limitation and is valid for all conventional resonant modulator designs where the cavity resonance (or loss) are modulated. However, this limitation is broken when the coupling strength between the waveguide bus to the resonator is modulated instead of the resonance frequency of the resonator itself [32] [33] [34] [35] [36] [37] .
Here we follow the combined approach of utilizing a) heterogeneous integration if ITO-based for phase shifting, b) the concept of coupling modulation, c) in silicon photonics. There are a few novelties in this work, worth highlighting briefly upfront; i)
we introduce a first ITO-oxide-ITO push-pull modulation, ii) use ITO away from the ENZ point to reduce losses, iii) demonstrate the first TCO-based coupling modulator. We find an efficient performance of the device of 4 dB on resonance, and a 10:1 ER/IL ratio off-resonance, which includes a low 0.15 dB insertion loss of this 4 micrometer short phase shifter.
Based on the location of the active (EO altered) region on a ring resonator there are two device types: a) interactivity device b) coupling device ( Loss modulation on the other hand, has a larger spectral bandwidth but it also suffers from a higher insertion loss. In contrast, coupling modulation can have relatively broadband modulation response. In coupling modulation, the active modulation region can be significantly smaller in dimension due to sensitivity of the coupling region to changes in the refractive index of the coupling gap (Fig. 1b, d ). This leads to a reduced capacitance while preserving ER. in which eigenmode analysis was performed on the cross-section of the device for calculating the effective mode index. Under the inner accumulation biasing condition, the mode overlap with the inner ITO layer is maximized (Γ = 0.01) resulting in higher modulation compared to an outer accumulation condition.
Figure 1: Comparison of two theoretical type of modulation mechanisms for ITO ring modulator. Schematic layout of interactivity ring resonator based electro-optic devices (a) and coupling based electro-optic devices (b). In reservoir coupling configuration, the change in effective index of coupling mode changes the coupling factor between the waveguide bus and ring resonator to modulate the optical transmission in the through port. Spectral response of transmission in the through port for an interactivity modulator (c) and a coupling region cladded ring resonator (d). When electrostatic charge is induced on the electro-optic material to change the coupling factor between bus and ring, leading to a broad band modulation
Our dual-gated ITO modulator consists of a classical silicon MRR-bus configuration, but the ITO-gated phase shifter is placed at the coupling region instead on the ring only (Fig. 2a-c) . The measured capacitance is 161 fF with an ITO film resistance of few tens of Ohm (see methods section), which can potentially enable beyond modulation speeds up to and possibly even beyond hundreds of GHz, with an energy per bit of the order of 100's of fJ/bit. The device material stack results in a 50 nm thick cladding on the coupling region, which effects the propagating TM mode waveguide. In detail, the coupling region is capped with the electro-optic material, at which an electrical bias is applied and according to the bias polarity, carriers are either depleted or accumulated (Fig 2 d) , and consequently altering the effective index of the propagating mode in both waveguides, as well as the gap between the two. This allows index tuning of the coupling factor of the ring cavity by applying a voltage. The induced change in the carrier concentration of ITO layers by applying electrical bias tunes the refractive index of ITO layers, and consecutively the coupling factor, κ, between two bus waveguides.
Figure 3. Experimental verified ITO permittivity data [29] a) Measured complex permittivity spectral response of the ITO film measured by spectroscopic ellipsometry. The ITO layer is deposited by RF sputtering, using a 1:1 (50 sccm) Oxygen to Argon flow-rate ratio for 1000s. b) Drude Model of the ITO permittivity actively modulated by electrostatic doping from 1x10
19 up to 5x10 20 cm -3 In order to understand the observed modulation performance, we performed self-consistent experimental verifications in a holistic manner see ref [29] for details. In brief, we repeated 4-probe, Hall-bar, profilometry and ellipsometry and only collected those data-points that showed a consistency across all methods. We find a rather low imaginary part of the permittivity and a b
consequently small extinction coefficient in the near IR region. The reason lies in the absence of a post-deposition thermal treatment, which simultaneously restores the crystallinity of the film and activates charge carriers inside ITO, reducing the overall film resistivity. In the IR region, the spectral response of the ITO film is dominated by intra-band transitions (Drude Model), although a low carrier concentration a is responsible for the rather flat refractive index response.
The initial carrier concentration (without any active gating) is found to be 1.5x10 18 cm -3 , with a high scattering time of approximately 1 fs. Using the spectroscopic ellipsometry fitting parameter, the modulated carrier concentration, modeled by Drude model (Fig. 3b) shows a 0.2 variation of the real part of the permittivity for a high carrier concentration of 2.8x10 20 cm -3 , which is significantly higher but achievable in similar studies [19] To illustrate the modulation performance of this coupling modulator, the effective refractive index for the photonic mode is altered by applying a bias between the two ITO layers (Fig.4) .
Extinction ratio plot are plotted by = 10 log
, where ! and !! are output optical transmission for biased and unbiased devices. We experimentally show up to ER = 4 dB on resonance and 0.15 dB insertion loss (IL) over the wide bandwidth region of ring resonator spectral response. On resonance, the extinction ratio reaches 4 dB (ER/IL = 26) for the 4 µm device at 1552 nm wavelength due to the shift in resonance frequency of the ring as we apply a bias to ITO layers. The low insertion loss can be understood by low effective extinction coefficient of the propagating mode since the active material is a low loss material state (Fig. 3 ).
The measured transmittance over the wavelength of five representative devices that differ in device length (L = 1-16 µm) (supplementary information) highlights that the device length does not affect the quality factor of the ring (~1400). This is expected because the deposited ITO material does not have a significant extinction coefficient at operating wavelength (ε''(1550 nm) < 0.05). However, changing the length of the active device results in shift in resonance frequency After cutting the RING, we still observe a weaker electro-optic modulation (ER = 0.25 dB/µm) effect in the same compact device footprint. Here, the modulated signal can be directed to a neighboring waveguide and still switch off the signal in the main waveguide. 
CONCLUSIONS
We experimentally demonstrate a coupling-controlled dual-gated ITO modulator heterogeneously integrated at the coupling regime between a silicon waveguide bus and a low- 
